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Woody plant encroachment—the conversion of grasslands to woodlands—continues to transform rangelands
worldwide, yet its causes and consequences remain poorly understood. Despite this being a coupled human–
ecological phenomenon, research to date has tended toward ecological aspects of the issue. In this paper, we
provide new insight into the long-term relationships between human demographics and woody plant cover at
the landscape scale. We used time-series aerial imagery and historical census data to quantify changes in popu-
lation, land ownership patterns, and woody cover between 1937 and 2012 in three different settings in central
Texas, USA.Woody cover closely paralleled population in a semi-urban watershed (R2= 0.81) and two separate
clusters of ruralwatersheds (R2= 0.88 and 0.93), despite exhibiting very different directional trends over time in
each setting. Woody cover also closely tracked average farm size in each rural watershed cluster (R2 = 0.57
and 0.90). These results highlight a tight coupling between demographic trends and the extent of woody plant
cover. Such human factors may explain a great deal of woody plant cover patterns in other global rangeland
systems with similar historical contexts and serve as a predictive proxy of landscape trends. Accordingly, policy
recommendations should consider these demographic factors, and future woody plant encroachment research
should explicitly include human dimensions.

© 2015 Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

The invasion of grasslands by trees and shrubs has been documented
in ecosystems around the globe (Archer, 1994; Van Auken, 2000; Briggs
et al., 2005). Yet despite its widespread occurrence, this woody plant
encroachment has varied widely in timing and magnitude in different
settings (Ansley et al., 1995; Asner et al., 2003; Archer et al., 2011).
These differing trajectories, sometimes over short distances, suggest
that encroachment is a large-scale phenomenon driven by local pro-
cesses. Most investigations of its causes have focused on changes in
fire regimen, grazing patterns, land use, or climate (Grover and Musick,
1990; Archer et al., 1995; Van Auken, 2000). A number of studies have
examined the relationship between woody plant cover change and
human factors in forest systems, typically uncovering negative correla-
tions between trends in tree cover and human population growth

(Wear et al., 1999; Geist and Lambin, 2002; DeFries et al., 2010).
However, the relationship between woody cover and population in
rangelands—particularly those in developed nations—appears to be
very different from that seen in forest systems.

Globally, many regions dominated by rangelands have undergone
dynamic population and land ownership changes in recent decades
(Rathge and Highman, 1998; Hansen et al., 2002; McGranahan and
Beale, 2002; Abrams and Bliss, 2012). Present increases in rural popula-
tion following decades-long migration to urban areas have been noted
throughout North America, Europe, and Australia, and many of these
landscapes are the very same undergoing woody plant encroachment
(Boyle and Halfacree, 1998; Brown et al., 2005). With this concurrence
of demographic and ecological trends, is it possible that observed
changes in woody plant cover can be explained by changes in popula-
tion and land ownership? Studies directly relating woody plant
encroachment in rangelands to human factors—especially over long
timescales—remain rare (Lambin et al., 2003; Sayre, 2004). This lack of
integration inhibits our ability to understand and plan for future land-
scape changes and represents an urgent need in the study of rangeland
systems (Campbell et al., 2000; Nagendra et al., 2004; Dale et al., 2005;
Gosnell and Abrams, 2011). Quantifying the relationships between
changes in population, land ownership, andwoody plant cover provides
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such a path forward and presents an opportunity to shed new light on
one of the most important challenges in global rangelands.

As part of a broader study of landscape change and ecosystem pro-
cesses in the southern Great Plains, preliminary analyses indicated such
a relationship between long-term ecological and demographic trends.
Seeking to shed additional light on this connection, we conducted the fol-
lowing study to 1) quantify the relationships between changes in woody
plant cover, population, and land ownership patterns using time series
aerial imagery and historical census data, and 2) describe possible under-
lying driving forces of woody cover changes by incorporating a historical
narrative approach. We examined data for three different geographic
settings in central Texas, using records covering the period from 1937
through 2012.

Methods

Study Area

The study area lies in the Lampasas Cut Plain of central Texas, USA. The
landscape consists of broad valleys and low mesas and is characterized
by a complex mosaic of woody plants and herbaceous vegetation. Ashe
juniper (Juniperus ashei J. Buchholz) is the dominant woody species,
with escarpment live oak (Quercus fusiformis Small) and honey mesquite
(Prosopis glandulosa Torr.) also locally abundant. Juniper andmesquite are
perceived as encroaching species across much of the region. Other than a
few small municipalities, most of the region is rural in character. Land use
outside of city limits currently consists mainly of rangeland devoted to
livestock production.

We examined three clusters of watersheds in this landscape: 1) one
semi-urbanwatershed almost entirely within the city limits of Lampasas
(2010 population: 6 681), 2)five adjoining ruralwatersheds in Lampasas
County and a portion of Burnet County (located approximately 100 km
northwest of Austin, Texas), and 3) two adjoining rural watersheds in
Mills County (approximately 150 km northwest of Austin)—a total of
eight watersheds covering 230 km2 (Fig. 1). These watersheds are

representative of land cover and land use patterns across the area and
capture a regional gradient fromdevelopedwatersheds to rural locations
farther fromurban centers. Average annual precipitation is approximate-
ly 800 mm.

Aerial Imagery Sources and Procedures

Weobtained aerial imagery ranging from the earliest period available
to the present, in intervals of approximately 15 years. Images were
acquired from the USDA-Aerial Photography Field Office (APFO), the
Texas Natural Resource Information System (TNRIS), the National
Agriculture Imagery Program (NAIP), and the private firm Tobin Interna-
tional, Ltd. Because the availability of images varied for different portions
of the study area, our imagery database consisted of the following pe-
riods: 1937–1940, 1958, 1974–1975, 1980–1982, 1995, 2004, and 2012
(Table 1). Late fall and winter images were preferred, to take advantage
of the contrast between predominantly evergreenwoody vegetation and
herbaceous species. They consisted of a combination of black-and-white,
color-infrared, and natural-color imagery. When digital versions of the
images were not available, films of the original images were digitally
scanned. All images were georectified to 2004 NAIP imagery (b1-m
error) and color balanced. To standardize classification across resolutions
from different images, we resampled all images to a common 1-m reso-
lution using nearest-neighbor methodology. Following the procedure
described by Laliberte et al. (2004), we then applied a 3 × 3 kernel
low-pass filter to reduce spatial frequency.

Analysis of Woody Plant Cover

Weperformed image classification using the Example-Based Feature
Extractionmodulewith the support vectormachine (SVM) algorithm in
the ENVI 5.0 software package. This object-based approach segments
images into pixel groups on the basis of similar spectral, textural, and
spatial characteristics. Each of the resulting groups, or objects, can
then be interpreted with expert knowledge (Platt and Schoennagel,

Fig. 1. Locations of the study watersheds in central Texas.
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2009).We relied on Google Earth aerial and Street View coverage to aid
our identification of image segmentation results for the 2012 imagery.

Imagery frommore recent years allows the differentiation of woody
species, but the older imagery does not, owing to spectral and seasonal
coverage limitations. As a result, we delineated total woody plant cover
for each year of aerial imagery, with classification procedures often
identifying individual plants. We assessed classification accuracy using
a total of 48 points for each image year. Overall image classification
accuracy for all years was high (1937: 85%, 1940: 85%, 1958: 92%,
1974: 96%, 1975: 81%, 1980: 92%, 1982: 94%, 1995: 94%, 2004: 96%,
2012: 96%).

Population and Land Ownership Analysis

To quantify the relationship between woody cover and human fac-
tors, we obtained historical population data from the U.S. Census for
the period 1930–2010, as well as official estimates through 2012. In ad-
dition to population numbers, we obtained corresponding historical
data on the number of farms and average farm size from the initial
year of imagery through the present from successive iterations of the
Census of Agriculture. Using these data, we correlated population, aver-
age farm size, and number of farms with changes in woody plant cover
over time for each of the three different geographic settings (semi-
urban L9, rural Lampasas County watersheds, and rural Mills County
watersheds). For the L9 watershed, woody cover data were plotted
only against the population of the city of Lampasas, as this area is
more urbanized and overlies a portion of the city limits. Woody cover
data for rural Lampasas County andMills County watershedswere plot-
ted against the rural population of each county as defined by census
data (census tracts sparsely populated and containing fewer than 2
500 individuals).

In many cases, quality imagery is not available for the specific years
in which a census was conducted. For those years in which imagery did
not coincide with a census, we used arithmetic interpolation of existing
census data to estimate population, number of farms, and average farm
size. For instance, the Mills County population in 1958 was considered
to be 0.8 of the difference between those of 1950 and 1960.

Historical Narrative

In addition to aerial imagery and census analyses, we investigated
local historical sources to interpret the changes in population, land own-
ership patterns, and woody cover we identified. Such historical context
is critical to the understanding of landscape change, but often is not con-
ducive to quantitative study (Sayre, 2004; Hersperger et al., 2010). This
narrative approach is one of the dominant frameworks used to under-
stand change in the land-use literature and incorporates the complexity
of nonrandom but unpredictable events. As a result, we can recognize
shifting dynamics across long timescales, better project future changes,

and uncover general patterns and principles that may have parallels in
other landscapes (Lambin et al., 2003).

Results

In each of the three geographic settings, trends in demographic var-
iables corresponded closely with those in woody cover in both the
timing and magnitude of changes. Population in the city of Lampasas
has increased consistently since 1940, with growth slowing in recent
years. A similar pattern is seen in total woody cover in watershed L9,
where coverage gradually increased after 1940 before becoming rela-
tively stable over the past three decades (R2 = 0.81, P b 0.01, Fig. 2).

In rural Lampasas County, human population declined after 1940,
reaching a minimum in the 1970s before rising once again to reach
current levels. Woody cover in the corresponding watersheds showed
a nearly identical trend (R2 = 0.88, P b 0.01, Fig. 3A). Changes in
woody plant cover also follow a similar yet inverse pattern to changes
in average farm size (R2 = 0.57, P = 0.05, Fig. 3B). Over time, average
farm size and the number of farms in Lampasas County are closely
correlated (R2 = 0.95).

Finally, the rural population of Mills County has decreased dramati-
cally from its maximum in 1930, and this sharp decline is reflected by
declines in woody cover in the Mills County watersheds (R2 = 0.93,
P b 0.01, Fig. 4A). Similarly, trends in average farm size and in woody
cover are closely aligned, displaying a strong negative correlation
(R2 = 0.90, P b 0.01, Fig. 4B). As in Lampasas County, average farm
size and the number of farms in Mills County are closely correlated
(R2 = 0.99).

Discussion

Long-term changes in woody plant cover closely tracked population
and land ownership patterns in all parts of our study area. What makes
these relationships remarkable is the strength of the correlations for all
three settings, despite large differences in both the direction and timing
of changes. But what do these parallel observations mean, and can we

Table 1
Characteristics of remote sensing imagery used in land cover classification. Image types included black-and-white (BW), color-infrared (CIR), and natural-color (NC)

Area Image year Acquisition date Type Image scale Spatial resolution (m)

Lampasas County 1940 December 1939-August 1941 BW 1:1667 0.45
1958 December 1957-January 1958 BW 1:20000 0.24-0.51
1974 February 1974 BW 1:40000-1:85000 1.01-1.02
1982 December 1982 BW 1:4700 0.90
1995 January 1995-February 1995 CIR 1:40000 1.01
2004 September 2004-December 2004 CIR 1:40000 1.00
2012 October 2012 NC 1:12000 1.00

Mills County 1937 December 1937-November 1938 BW 1:1667 0.40
1958 December 1957-April 1959 BW 1:20000 0.51
1975 November 1975 BW 1:60000 1.02
1980 November 1980 BW 1:2640 0.63
1995 January 1995 CIR 1:40000 1.01
2004 December 2004 CIR 1:40000 1.00
2012 October 2012 NC 1:12000 1.00
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Fig. 2. Trends in woody plant cover and population in the semi-urban L9 watershed.
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extrapolate these results to other locations in the southern Great
Plains—and beyond? To answer these questions, we must identify the
underlying driving forces and understand the context of changes in
our study area as they relate to changes elsewhere.

Urban Watershed Trends

In contrast with the rural watershed clusters we examined,
Lampasas and watershed L9 experienced sustained population growth
coinciding with increases in woody plant cover (Fig. 2). Though land-
scapes on the urban fringe are subject to complex and simultaneous
change processes (Hersperger et al., 2010), we believe the historical

context of this urbanized setting links population growth with woody
cover increases in this area.

Globally, European settlement often led to increases in woody cover
through fire suppression (Pyne, 1982). The city of Lampasas was
the first site settled in Lampasas County, and the early transition to
residential land use in watershed L9 also precluded the agricultural
development seen in rural portions of the area. These changes set the
stage for local increases in both population and woody cover. Woody
plant encroachment has been linked to urban sprawl and increasing
affluence (Hoch and Briggs, 1999; Walker et al., 2003), which often
lead to landscape fragmentation (Archer et al., 1995; Wacker and
Kelly, 2004; Briggs et al., 2005; Coppedge et al., 2007). In addition,
woody plants—both those predating development and those planted
by homeowners—are socially valued components of urban landscapes
(Yaoqi et al., 2007; Sander et al., 2010). Land fragmentation, the lack
of vegetation management, and an affinity for woody plants all likely
have played a role in the extent of woody cover in this semi-urban
watershed. Our data show this is a long-term relationship that has
progressed over many decades (Fig. 5A).

Rural Watershed Trends

As seen in Figs. 3 and 4, the rural watershed clusters exhibited very
different trends from watershed L9, with each including a period of
dramatic decline in population, number of farms, and woody cover.
Like this study area, almost all of the Great Plains was in the midst of
prolonged declines in both population and cropland acreage at the
time of our earliest imagery (Jordan-Bychkov et al., 1984; Waisanen
and Bliss, 2002). Between 1930 and 1970, nearly all rural counties in
the southern Great Plains lostmore than 30% of their populations,mostly
among small farmers (Brown et al., 2005). During this period, the aban-
doned croplands in Lampasas County andMills County were incorporat-
ed into existing livestock operations, expanding their holdings
(J. R. Conner, personal communication, September 2013). The strong cor-
relation between farm number and farm size (R2 = 0.95 in Lampasas,
0.99 in Mills) provides evidence for this period of property combination.

Because ranch management activities often maintain a relatively
open grassland or savanna landscape, this transition likely influenced
woody plant cover (Wacker andKelly, 2004). This change in land owner-
ship characteristics in rural Lampasas County andMills County also coin-
cided with significant private and government-assisted efforts to reduce
woody plant cover (Craig, 1971; Garriga et al., 1997). Declining popula-
tions and land acquisition probably encouraged livestock producers to
expand existing brush control activities over a broader area.

The rebounds of population, number of farms, and woody cover in
Lampasas County around 1970 lie in sharp contrast to the trends in
Mills County. Why did the trajectories in these counties diverge?
Evidence suggests this is related to a larger phenomenon seen across
the United States. In this nation, the rural counties with the highest
rates of population growth are those in the path of metropolitan devel-
opment (Rathge and Highman, 1998; Gosnell et al., 2006). Lampasas
County is home to major highway infrastructure and is near the fast-
growing Austin, Texas, metropolitan area. Conversely, rural counties
that lose population typically depend on farm production and lack
other economic opportunities (McGranahan and Beale, 2002). Mills
County is farther removed from the urban centers of the region and
lacks the highway network of Lampasas County.

The proximity and accessibility of Lampasas County put it at the
forefront of a regional land boom in the 1970s (Beaumont et al., 2006;
Drummond et al., 2012). Population and farm numbers began to climb.
Similar rebounds have been noted in rural areas throughout the United
States and other developed nations (Jordan-Bychkov et al., 1984; Johnson
and Cromartie, 2006; Gosnell and Abrams, 2011). However, instead of
relocating farm families, these were new rural landowners—occupying
more and smaller farms—with limited or no agricultural background,
seeking recreational opportunities and natural resource amenities
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Fig. 3. Trends inwoody plant coverwith A, population and B, average farm size in the rural
Lampasas County watersheds. Values for woody cover are given as mean ± SE to show
variation between watersheds.
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(Snow, 2000; Sorice et al., 2012). Our findings suggest this transition in
landowner identities has had major effects on woody plant cover.

Landowner Objectives and Woody Plant Cover

To shed light on these impacts in rural Lampasas County, it is impor-
tant to understand what is ultimately driving the transformation. In all
landscapes, changes are driven by social, political, economic, technologi-
cal, and biophysical forces that interact at large scales. These in turn influ-
ence the proximate causes at the local scale to which individuals respond
with direct action (Veldkamp and Lambin, 2001; Geist and Lambin, 2002;
Nagendra et al., 2004; Hersperger et al., 2010). Operating as the real
agents of change, landowners and land managers are complex, each
with unique personal histories and motivations (VanWey et al., 2005).
Although population itself is not a proximate cause of land change,migra-
tion and population trends are often the most important driving forces
of landscape change (Lambin et al., 2003). Increasing populations
drive property subdivision, and economic conditions and government
policies create feedbacks encouraging further fragmentation (Kjelland
et al., 2007). Landowner priorities evolve, with ecological consequences
(Parton et al., 2007; Gill et al., 2010).

Among other impacts, such amenity migration is transforming rural
communities in many developed nations because local economies be-
come reoriented from resource extraction to real estate. Land—or even
the rural lifestyle itself—becomes the primary commodity rather than
agricultural products (O’Kelly and Bryan, 1996; Beale and Johnson,
1998; Deller et al., 2001). This conversion brings a new mix of values
and objectives (Sayre, 2004; Gosnell and Abrams, 2011; Mendham
et al., 2012). Many new rural landowners are driven more by a desire
to enjoy natural resources than by profit generation, and they rank
natural goods such as wildlife as a high priority (Gosnell et al., 2006;

Gill et al., 2010). Because cultivation and forage production are not im-
portant economic interests, there is less interest in investing in brush
management, and woody plants increase.

With the influx of new landowners beginning in the 1970s, rural
Lampasas County began to feel the effects of this transition and under-
went a fundamental departure from the trajectory it shared with Mills
County. Increasing demand for seasonal and recreational homes
continues to inflate land valuations and price out agricultural producers,
accelerating the transition away from traditional priorities. This depar-
ture from agricultural objectives has also been linked to increasing
woody plant cover in other settings around the world (Kristensen,
1999; Wacker and Kelly, 2004; Gill et al., 2010). In fact, amenity land-
owners often value the presence of woody plants because of the food
and cover provided for wildlife, as well as for aesthetic reasons (Sorice
et al., 2014). As a result, woody plant cover has paralleled transitions
in population and land ownership and has rebounded and increased
(Fig. 5B). Meanwhile, Mills County has not experienced a surge of
new landowners. Population, farm numbers, and woody cover have
stayed low with land management objectives that have remained
focused on agriculture. This has caused long-term stability in woody
cover extent after the period of landscape change in the first half of the
20th century (Fig. 5C).

As suggested by these differences in the two rural areas, it is the
cumulative effect of such varying landowner objectives put into
action—mediated by infrastructure, economic, and policy factors—which
drives ecological trends at the landscape level. We do not know the
precise objectives of all landowners in the study area. However, our
findings and observations from similar contexts elsewhere suggest
that population and land ownership patterns may serve as high-level
proxies of change in landowner objectives and thus as predictors of
woody cover trends.

A 

B 

C 

1940 20121974 

1940 

1975 

1974 

1937 

2012

2012

Fig. 5. Extent of woody plant cover at the beginning, midpoint, and end of the period examined. A, Semi-urban watershed L9. B, Rural Lampasas County watersheds. C, Rural Mills County
watersheds. Dark areas represent woody plant cover. Light gray polygons represent flood control reservoirs.
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Study Limitations and Potential Applications

Matching the relevant ecological unit of study with the appropriate
socioeconomic unit is the greatest challenge in landscape research
(Veldkamp and Lambin, 2001; Theobald et al., 2005). The imagery
used in this analysis was part of a broader study of hydrological process-
es in targeted watersheds. In reality, county-level data may be the ideal
unit of analysis because counties have stable boundaries and are the
basic divisions for historical population data (Parton et al., 2003).
Given these constraints, we compared woody cover data for multiple
watersheds with county census data. Though ours is one of the largest
analyses of high-resolution imagery to date, we recognize that our
230-km2 study area does not coincide perfectly with county data and
that this study would benefit from the examination of additional
semi-urban and urban watersheds. However, the consistency of woody
cover trends between neighboring watersheds suggests the factors
influencingwoody cover operate at large spatial scales andmay be appli-
cable across much of each county. Woody cover analysis and investiga-
tion of subwatersheds with recent census tract data would shed more
light, across scales, on the relationships we describe.

Though data on amenity landowners remain rare worldwide, some
information does exist for portions of adjacent river basins (Gosnell
et al., 2006; Sorice et al., 2012; Sorice et al., 2014). Additional studies
of the objectives and motivations of individual landowners would pro-
vide valuable insight on the specific causes of landscape change in this
and other areas.

Mean annual precipitation in the study area—approximately 800
mm—is higher than that in many regions with increasing woody cover
(Archer et al., 2011). High annual rainfall leads to nearly continuous
establishment of seedlings and growth rates that respond quickly to
changes in management objectives, especially by juniper species such as
dominate the region (Engle and Kulbeth, 1992; Smeins and Fuhlendorf,
1997). It is possible that woody cover may lag or demonstrate different
behavior in drier landscapes, where different plant traits are dominant,
or where brush management historically has not been a priority.

Despite these limitations, the trends inwoody cover and demographic
data from our study area have parallels in many developed nations.
Increasing woody plant cover and changing land ownership patterns
have been noted in Australia, Europe, and much of North America
(Kristensen, 1999; Walker et al., 2003; Wacker and Kelly, 2004; VanWey
et al., 2005; Gill et al., 2010). These linked observations suggest the
relationships we noted between woody cover and population and land
ownership patterns might be applicable in other landscapes with similar
contexts. Additional research will improve our understanding of the
proximate causes of landscape change and of when and under what
conditions these relationships hold.

Implications

Weprovide one of thefirst studies linking long-term, landscape-scale
changes in population and land ownership patterns with woody plant
cover trends. Given that changes in woody cover have occurred in
many landscapes that have also experienced shifts in population and
land ownership patterns, the strong relationships we observed suggest
these demographic variables may provide a high-level proxy of woody
cover trends in other rangelands, particularly those in developed
countries. These connections between demographic factors and land
cover underscore the need for a great dealmore research acrossmultiple
disciplines. Additional studies of other landscapes would reveal the
prevalence of these relationships. We must also continue to build on
the growing emphasis on human dimensions in ecological disciplines.
In almost all contexts, much more information on landowners and
their evolving objectives is needed. In others, existing human dimen-
sions data and historical narratives providing interpretive context should
be harnessed to shed new light on ecosystem processes. By integrating
these diverse approaches with traditional landscape research, we will

not only be better able to predict and respond to woody encroachment
phenomena but also cooperatively advance multiple disciplines.
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